B
iotin (vitamin H or B 7 ) functions as an essential prosthetic group of enzymes in all three domains of life. The yeast Saccharomyces cerevisiae harbors four groups of biotin-dependent enzymes: (i) pyruvate carboxylases (Pyc1 and Pyc2), which catalyze anaplerotic formation of oxaloacetate (1, 2) ; (ii) acetyl-coenzyme A (CoA) carboxylases (Acc1 and Hfa1), which generate malonyl-CoA, the key precursor for lipid synthesis (3); (iii) urea amidolyase (Dur1 and Dur2), which releases ammonia from urea (4); and (iv) the aminoacyl-tRNA synthetase cofactor Arc1, which is the only biotin-dependent protein in S. cerevisiae that is not a carboxylase (5) . Biotin is covalently linked to these enzymes by the biotin-protein ligase Bpl1 (6) .
While biotin prototrophy is widespread among prokaryotes and plants, animals and most fungi cannot synthesize this vitamin. The final four conserved steps in prokaryotic biotin biosynthesis are initiated by conversion of pimeloyl-CoA to 7-keto-8-aminopelargonic acid (KAPA) by KAPA synthase (BioF), after which DAPA aminotransferase (BioA) transaminates KAPA to 7,8-diaminopelargonic acid (DAPA). Subsequently, dethiobiotin synthetase (BioD) converts DAPA to dethiobiotin. Finally, sulfur insertion by biotin synthase (BioB) yields biotin (7) (Fig. 1) . Two pathways for prokaryotic pimeloyl-CoA synthesis have been described. Some bacteria, including Escherichia coli, convert three molecules of malonyl-CoA to pimeloyl-CoA (8) . Others, including Bacillus subtilis, generate this precursor by oxidative cleavage of fatty-acyl molecules (9; reviewed in reference 10).
Biotin prototrophy is rare among yeasts and has a convoluted evolutionary history, with yeast strains of the same species sometimes exhibiting different biotin requirements. Most yeast strains isolated from nature, as well as laboratory strains, such as S. cerevisiae S288C, are biotin auxotrophs (11) . Starting from pimelic acid, biotin biosynthesis in prototrophic yeast strains follows the prokaryotic pathway ( Fig. 1 ), but the yeast pathway for synthesis of this key precursor has not yet been fully elucidated (10, 12, 13) . Biotin biosynthesis genes in yeast are assumed to have been at least partially acquired from anaerobic bacteria by horizontal gene transfer, followed by gene duplication and neofunctionalization events (14, 15) .
Most biotin-auxotrophic S. cerevisiae strains contain the genes encoding the last three enzymes of the biotin biosynthesis pathway (BIO3, BIO4, and BIO2, which are orthologs of E. coli bioA, bioD, and bioB). Some other yeasts, such as Schizosaccharomyces pombe and Pichia pastoris, contain only the biotin synthase (BIO2) gene, an ortholog of prokaryotic bioB genes. In 2005, Wu et al. discovered BIO6, an ortholog of bacterial bioF genes, in biotin-prototrophic sake strains of S. cerevisiae (16) . Hall and Dietrich completed the S. cerevisiae gene set for conversion of pimelic acid to biotin by discovering BIO1, which encodes pimeloyl-CoA synthetase and, in strains that carry either gene, is located adjacent to BIO6. Sequence similarity suggests that BIO6 evolved by duplication and neofunctionalization of BIO3, thereby converting a DAPA synthase into a KAPA synthetase. A similar evolutionary relationship was proposed for BIO1 and YJR154W (14) .
Lack or loss of pathways for de novo vitamin biosynthesis in microbes has been proposed to reflect an evolutionary trade-off between fitness in natural environments where biotin is scarce and energy costs involved in biotin synthesis (17) . Consistent with this notion, biotin-prototrophic bacteria, archaea, and plants all harbor transporters for biotin uptake (18) . S. cerevisiae imports biotin via the high-affinity proton symporter Vht1 (19) . Some strains additionally harbor the Bio5 transporter, which imports the precursor KAPA, thus enabling biotin synthesis from exogenous KAPA (15, 20, 21) . In S. cerevisiae strains that carry a BIO5 gene, it is tightly linked to BIO3 and BIO4 in a gene cluster on chromosome XIV (ChrXIV) (14) .
Most synthetic media for S. cerevisiae are routinely supplied with biotin. Vitamin addition increases production costs and decreases the shelf life of the media. Biotin supplementation adds a delicate step in medium preparation, since the high pH required for dissolving biotin negatively affects its stability, thereby increasing the risk of batch-to-batch variations. Moreover, biotin is an expensive vitamin. It has been estimated that, at a reactor volume of 150 m 3 , costs for large-scale industrial fermen-tation processes may be on the order of $1,000 per fermentation (22) . Clearly, the availability of fast-growing biotin-prototrophic strains could benefit process economics.
Several studies have focused on engineering microorganisms for biotin prototrophy. Expression of heterologous BIO genes in the biotin-auxotrophic yeast P. pastoris reduced medium costs in fed-batch-based production processes, even though the engineered biotin-prototrophic strain grew more slowly than the reference strain (21) . Enhancing biotin synthesis in solventogenic clostridia improved production titers of acetone, butanol, and ethanol, predominantly by increasing cellular viability and performance (23) .
The goal of this study was to identify key genetic determinants of biotin prototrophy in S. cerevisiae. To this end, the haploid strain S. cerevisiae CEN.PK113-7D, a popular model for systems biology and metabolic-engineering research (22, (24) (25) (26) , was subjected to laboratory evolution in biotin-free medium. Evolved biotin-prototrophic cell lines were further characterized by whole-genome resequencing and by reverse engineering of identified mutations in the parental strain.
RESULTS
Laboratory evolution of S. cerevisiae CEN.PK113-7D for full biotin prototrophy. After inoculation of biotin-free SMD (see Materials and Methods) with a biotin-depleted preculture of strain CEN.PK113-7D, it took ca. 20 days before slow growth, at a specific growth rate of ca. 0.01 h Ϫ1 , was observed. At a final cell number in the shake flasks of 4 ϫ 10 11 cells · liter Ϫ1 and a specific growth rate of 0.01 h Ϫ1 (i.e., a doubling time of 69 h), this implies an initial concentration of growing cells of at least 2 ϫ 10 9 cells · liter Ϫ1 . These results confirm an earlier report that strain CEN.PK113-7D is not completely auxotrophic for biotin but can grow at very low rates in the absence of this vitamin (22) .
To explore the evolvability of full biotin prototrophy, i.e., a phenotype with identical specific growth rates in the presence and absence of biotin, strain CEN.PK113-7D was grown in accelerostats. These are continuous cultures in which the dilution rate is increased over time (27) . To select for fast-growing biotin-prototrophic mutants in triplicate glucose-limited accelerostat cultures on biotin-free SMD, the dilution rate was feedback controlled based on the CO 2 concentration in the off gas (see Fig. S2 in the supplemental material). A fourth laboratory evolution experiment was performed in a sequential batch reactor (SBR) in which automated empty-refill cycles were based on the CO 2 concentration in the off gas, leaving ca. 5% of the culture as an inoculum for each subsequent batch cycle (28) (Fig. 2) . After 48 to 77 days of accelerostat cultivation, dilution rates of up to 0.27 h Ϫ1 were reached (Fig. S2) . Single cell lines were isolated at the end of each of the accelerostat experiments and named IMS0478, IMS0480, and IMS0481 (Table 1 ). The SBR experiment was terminated when, after 47 days and 11 cycles, multicellular aggregates appeared in the culture due to the SBR setup-inherent empty-refill selection procedure, which is prone to unintended selection of cells developing a clumping phenotype, enabling their persistence in the bioreactor without further improvement of their growth rate under selective conditions (29) . At this point, the specific growth rate, as estimated from CO 2 production profiles, had reached 0.22 h Ϫ1 (Fig. 2) . A nonaggregating single-colony isolate from the SBR culture was named IMS0496. All four single-cell isolates showed high specific growth rates in biotin-free SMD, ranging from 0.25 h Ϫ1 (strain IMS0478) to 0.36 h Ϫ1 (strain IMS0481) ( Table 2 ). This value is close to the specific growth rate of CEN.PK113-7D in biotin-supplemented SMD (0.39 to 0.40 h Ϫ1 ) (30) (31) (32) (33) . Biotin-supplemented cultures of the evolved strains showed an average specific growth rate of 0.35 h Ϫ1 , indicating that the evolved strain IMS0481 had acquired full biotin prototrophy (Table 2) .
Massive amplification of BIO1 and BIO6 and increased expression of BIO genes in evolved biotin-prototrophic strains. To investigate the molecular basis of the acquired biotin prototrophy, expression levels and copy numbers of BIO genes were measured by quantitative PCR (qPCR) analysis and whole-genome sequencing, respectively. In shake-flask cultures on biotin-supplemented SMD, transcript levels of BIO genes were lower than those of the reference gene, ACT1, in all strains tested ( Fig. 3A; see Table S2 in the supplemental material). Transcript levels of BIO genes in the evolved strains resembled those in the parental strain, except for BIO1, whose transcript levels were 4-to 8-fold higher in the evolved strains. Growth in SMD without biotin resulted FIG 2 Laboratory evolution of S. cerevisiae CEN.PK113-7D cells in a sequential batch reactor (SBR) for improved growth in biotin-free synthetic medium. Shown are off gas CO 2 (percent) profiles during an SBR experiment in which automated empty-refill cycles were based on the CO 2 concentration in the off gas, leaving ca. 5% of the culture as an inoculum for each subsequent batch cycle (28) . CO 2 production in the initial cycle reflects depletion of biotin pools in the inoculum. Specific growth rates () were calculated from the exponential increase of the off gas CO 2 concentration in each cycle. Graphs representing the increase of dilution rates in accelerostats over time are depicted in Fig. S2 in the supplemental material. in transcriptional upregulation of BIO genes ( Fig. 3B ; see Table S2 in the supplemental material). As observed in biotin-supplemented cultures, BIO1 was expressed at higher levels than the other BIO genes, reaching transcript levels that were 1.5-to 24-fold higher than those of ACT1 (Fig. 3B) .
Analysis of sequencing read depths revealed massive amplification of BIO1 and BIO6 in the evolved strains, with copy numbers ranging from 8 to 43 (Table 3 ). The similar amplifications of BIO1 and BIO6 observed in this analysis were consistent with their physical linkage (22) . The evolved strains harbored one or two copies of BIO2, BIO3, or BIO4, except for the slowest-growing strain, IMS0478, in which BIO3 and BIO4 were amplified 8-and 6-fold, respectively. Amplification of BIO1 and BIO6 involves chromosomal duplications and rearrangements and formation of neochromosomes. In three of the four evolved biotin-prototrophic strains, read depth analysis revealed a duplication of ChrI (Fig. 4) , which, in the parental strain, carries the BIO1 and BIO6 genes (22) . Strain IMS0478, which also showed increased copy numbers of other BIO genes, carried additional duplications of ChrIX, the left arm of ChrVIII, and an amplified region close to the telomere of the right arm of ChrXIV, where the BIO3-BIO4-BIO5 cluster is located (Fig.  4A) .
Electrophoretic karyotyping revealed strong differences in chromosome sizes between the evolved strains, as well as their common unevolved parental strain, while strains IMS0478, IMS0480, and IMS0481 contained additional, supernumerary chromosomes (neochromosomes) (Fig. 5A ). Southern hybridization analysis showed that copies of the BIO1 gene occurred on multiple chromosomes and neochromosomes in the evolved strains (Fig. 5B ). This experiment confirmed that S. cerevisiae strain S288C, whose genomic DNA was used as a size marker for chromosome identification, lacks the BIO1 gene ( Fig. 5B) (16, 22) .
Increased copy numbers of BIO1 play a pivotal role in acquired biotin prototrophy. To investigate if the high copy numbers of BIO1 and BIO6 contributed to the acquired biotin prototrophy of the evolved strains, the genes were expressed from multicopy plasmids under the control of strong, constitutive promoters in a nonevolved, biotin-auxotrophic strain. Overexpression of BIO1, together with BIO6, a situation that mimicked the amplification of both genes in the evolved strains, enabled -7D  1  1  1  1  1  IMS0478  8  2  8  6  8  IMS0480  42  2  1  1  43  IMS0481  19  2  1  1  19  IMS0496  19  2  2  1  20 a Copy numbers were calculated from sequence coverage depths of four strains independently evolved for biotin prototrophy in accelerostats (IMS0478, IMS0480, and IMS0481) and in a sequential batch reactor setup (IMS0496). All five genes indicated occur as single-copy genes in the parental strain CEN.PK113-7D (24).
growth in SMD without biotin at a specific growth rate of 0.15 h Ϫ1 (Table 2) . However, the same growth rate was obtained when only BIO1 was overexpressed. Further, growth in biotin-free SMD was not observed in a strain that overexpressed only BIO6. These results indicated that increased copy numbers of BIO1, but not of BIO6, contributed to the acquired biotin prototrophy of evolved strains. Mutations in the membrane transporter genes TPO1 and PDR12 contribute to fast growth in biotin-free medium. Although overexpression of BIO1 in a nonevolved strain background enabled growth in biotin-free medium, the specific growth rates of the resulting strains were only about half of those observed in the fast-growing evolved strains. To further analyze the genetic basis for fast growth in biotin-free medium, the genome sequences of the evolved biotin-prototrophic strains were analyzed in more detail. The four independently evolved strains harbored 6 to 11 single-nucleotide changes within coding regions relative to the parental strain (see Table S1 in the supplemental material). Three out of the four evolved strains harbored a nonsynonymous or nonsense mutation in TPO1, which encodes a plasma membrane polyamine transporter (34) . TPO1 was the only gene that harbored single-nucleotide polymorphisms (SNPs) in more than one strain. However, a nonsense mutation in the ABC
FIG 4
Chromosomal copy number variations in yeast strains evolved for full biotin prototrophy. Strains IMS0478, IMS0480, and IMS0481 were evolved in accelerostats, while strain IMS0496 was evolved in a sequential batch reactor. Copy numbers of chromosomes and chromosomal regions were calculated from sequence data with the Magnolya algorithm (67) . The results for the parental strain, S. cerevisiae CEN.PK113-7D, and for the evolved strains are indicated in blue and red, respectively. Individual chromosomes, indicated by Roman numerals, are separated by dashed lines.
transporter gene PDR12 in strain IMS0481 coincided with a nonsense mutation in WAR1 in strain IMS0480, which encodes a transcriptional activator of PDR12 (35) (see Table S1 ). Inactivation of either PDR12 or WAR1 causes absence of Pdr12 from the plasma membrane (35) . Pdr12 has been shown to export a wide range of monocarboxylic acids (C 3 to C 7 ) (33, 36) . To investigate a possible role of the mutations in PDR12 and/or TPO1 in biotin prototrophy, pdr12Δ, tpo1Δ, and pdr12Δ tpo1Δ mutations were introduced in strains overexpressing BIO1. Deletion of PDR12 or TPO1 did not lead to biotin prototrophy in a strain with a single wild-type BIO1 gene (Table 2 ). In contrast, deletion of either of these transporter genes greatly increased the specific growth rates of strains that overexpressed BIO1 in biotin-free SMD, from 0.15 h Ϫ1 in a strain without transporter deletion to up to 0.25 h Ϫ1 in a pdr12Δ strain (Table 2) . A combination of both deletions did not lead to a further increase of the specific growth rate (Table 2) .
A possible explanation for the observed impact of mutations in TPO1 and PDR12 is that they prevent export of an essential intermediate in the biotin biosynthesis pathway by the encoded transporters. Pimelic acid, a C 7 -dicarboxylic acid, is the substrate for Bio1, which, based on the amplification of BIO1 observed in evolved strains, may catalyze a rate-controlling reaction in biotin synthesis. For many organic acids, a role of Pdr12 in their export from S. cerevisiae cells has been inferred from a strongly increased sensitivity of pdr12Δ to the acid at pH values below its pK a due to weak organic acid uncoupling (33, 36, 37) . Pimelic acid supplementation of cultures grown at pH 4.5, which is below the pK a values of pimelic acid (pK a,1 ϭ 4.71; pK a,2 ϭ 5.58), did not reveal increased sensitivity of PDR12 and/or TPO1 single-or double-deletion mutants (see Fig.  S1 in the supplemental material). However, growth of the reference strain, CEN.PK113- 7D, at pH 4.5 was not inhibited by pimelic acid concentrations of up to 100 mM (data not shown), indicating that pimelic acid uptake rates were too low to cause weak organic acid uncoupling. The absence of increased sensitivity in the deletion mutants, therefore, neither supports nor excludes a possible role of Tpo1 and/or Pdr12 in pimelic acid export.
DISCUSSION
Although the genome of S. cerevisiae CEN.PK113-7D contains a full set of BIO genes (BIO1, BIO2, BIO3, BIO4, BIO5, and BIO6) (22) , the specific growth rate of the strain in biotin-free synthetic medium with glucose was at least 30-fold lower than in cultures supplemented with this vitamin. Although data obtained with this typical laboratory strain (38) cannot be directly extrapolated to natural isolates, such very low growth rates may well be relevant for survival in natural environments where biotin is scarce. Independent laboratory evolution experiments with strain CEN.PK113-7D yielded four evolved strains, three of which grew equally fast in biotin-free medium and in biotinsupplemented cultures. Such complete biotin prototrophy is rare among natural biotin-prototrophic strains, whose growth on biotin-free medium has been reported to vary from weak to vigorous but typically is slower than in biotin-containing medium (10, 14, 16) .
The mutations that were shown to contribute to full biotin prototrophy of the laboratory-evolved strains provide new insights into the genetic basis of the phenotype. Up to 40-fold amplification of the clustered BIO1 and BIO6 genes in the evolved strains was shown to reflect a key role of the copy number of BIO1, but not BIO6, in biotin prototrophy. Introduction of a multicopy vector carrying BIO1 in a nonevolved strain enabled it to grow on biotin-free medium at a growth rate ca. 40% of that observed in the fastest-growing evolved strains. These results indicate that the pimeloylCoA synthetase Bio1 exerts a high degree of metabolic control over biotin biosynthesis in the nonevolved strain. Comparison of the predicted protein sequence of BIO1 from strain CEN.PK113-7D did not identify amino acids that were not also found in BIO1 genes of other S. cerevisiae strains, indicating that the requirement for BIO1 amplification was unlikely to be due to a CEN.PK-specific, inferior BIO1 allele. Three of the four evolved strains contained a duplication of ChrI, which carries the native copies of BIO1 and BIO6, while additional copies of these genes were found on neochromosomes resulting from translocation events. The plasticity of the yeast genome under selective growth conditions is further illustrated in one of the evolved strains (IMS0478) by the additional presence of two copies of ChrIX, as well as of the left arm of ChrVIII. These results confirm that chromosomal rearrangements and copy number variation are key mechanisms for genetic adaptation in short-term laboratory evolution experiments (39, 40) . The biotin-prototrophic sake strain of S. cerevisiae in which BIO6 was first discovered also contains copies of BIO6 on multiple chromosomes (16) . This genotypic similarity indicates that the genetic adaptations that enable sake yeasts to grow at the very low biotin concentrations in sake mash (41) at least partially overlap those seen in the present laboratory evolution study.
Surprisingly, loss-of-function mutations in the membrane transporter genes TPO1 and PDR12, as well as in WAR1, which encodes a positive regulator of PDR12 (35, 42) , had a strong positive effect on biotin prototrophy. Neither the polyamine transporter Tpo1 (34, 43) nor the monocarboxylate exporter Pdr12 (36) has previously been associated with biotin synthesis. Although in the case of Tpo1 direct mediation of monocarboxylic acid transport has not been demonstrated, both transporters have been implicated in the process, including, in the case of Pdr12, the transport of the C 7 -monocarboxylate heptatonic acid (37) . If Pdr12 and/or Tpo1 export the C 7 -dicarboxylate pimelic acid, the precursor of biotin biosynthesis, the resulting decrease in the intracellular pimelate concentration could reduce the flux through the ratecontrolling pimeloyl-CoA synthetase (Bio1) reaction. Alternatively, Pdr12 and/or Tpo1 might catalyze the export of other key intermediates of biotin synthesis, such as the aminated compounds KAPA and DAPA. A mutation in one of the evolved strains in the KAPA transporter gene BIO5 could also be consistent with this hypothesis.
In the case of Tpo1, an alternative explanation for its impact on biotin prototrophy is related to its role in spermidine homeostasis. Supplementation of this compound in a spermidine-deficient S. cerevisiae strain has been shown to cause an up to 14-fold upregulation of BIO genes (44) . At a pH of 5, which was used in the present laboratory evolution, Tpo1 has been reported to primarily catalyze polyamine export (45) . Moreover, inactivation of TPO1 has been shown to lead to increased intracellular spermidine concentrations (46, 47) . By enhancing the previously demonstrated induction of BIO genes upon biotin depletion (16, 48, 49) , accumulation of polyamines could contribute to increased growth rates in biotin-free medium.
Elimination of vitamin requirements of S. cerevisiae could simplify the design and scaling up of fermentation processes and improve process economics. The demonstration that an S. cerevisiae strain that contains a basic complement of BIO genes can be evolved for complete biotin prototrophy opens up perspectives for the development of industrial S. cerevisiae strains that are completely prototrophic for this and, potentially, other vitamins. However, the extensive genomic rearrangements in the evolved strains complicate their direct use as metabolic-engineering platforms. Overexpression of BIO1, combined with deletion of TPO1 or PDR12, was sufficient to reach specific growth rates in biotin-free medium that were only 40% lower than those observed in biotinsupplemented cultures. Null mutations in TPO1 and PDR12 had a similar effect on the specific growth rates of BIO1-overexpressing strains in biotin-free medium, but their effects were not additive ( Table 2 ). While inactivation of PDR12 strongly increases the sensitivity of S. cerevisiae to several apolar carboxylic acids (36) , null mutations in TPO1 have been reported to confer an increased tolerance for industrially relevant inhibitors, which in turn has been shown to result in higher productivities of industrial products (46, 50) . Inactivation of TPO1, therefore, appears to be the preferred intervention in strategies for eliminating biotin requirements in industrial yeast strains.
A further systematic analysis of the other mutations in evolved biotin-prototrophic strains, combined with overexpression and/or codon optimization of BIO1 and other BIO genes, might allow additional improvements of rationally engineered biotinprototrophic S. cerevisiae strains. In addition, the fast-growing biotin-prototrophic strains described in this study provide interesting experimental platforms for unraveling the elusive biochemistry of pimelate biosynthesis in S. cerevisiae and other yeasts (10, 12, 13) .
MATERIALS AND METHODS
Strains, media, and maintenance. The S. cerevisiae strains used and constructed in this study (Table  1) . Biotin-free SM was prepared by omitting biotin from this solution. Unless specifically indicated, "SM" specifies synthetic medium with (NH 4 ) 2 SO 4 as the nitrogen source, while synthetic medium with urea as the nitrogen source is abbreviated as "SM-urea." After autoclaving concentrated glucose solutions at 110°C for 20 min, glucose was added to SM, SM-urea, and YP media to a final concentration of 20 g · liter Ϫ1 , yielding SMD, SMD-urea, and YPD, respectively. Shake flasks (500 ml) containing 100 ml medium, as well as 50 ml Cellreactor filter top tubes (Greiner Bio-One B.V., Alphen a/d Rijn, The Netherlands) containing 25 ml medium, were incubated at 30°C and 200 rpm in an Innova incubator (Brunswick Scientific, Edison, NJ). Solid media contained 1.5% Bacto agar and, when indicated, 200 mg · liter Ϫ1 G418 or 200 mg · liter Ϫ1 hygromycin. Selection and counterselection of the amdSYM cassette were performed as described previously (52) . E. coli strains were grown in LB (10 g · liter Ϫ1 Bacto tryptone, 5 g · liter Ϫ1 Bacto yeast extract, 5 g · liter Ϫ1 NaCl) supplemented with 100 mg · liter Ϫ1 ampicillin. Yeast and E. coli cultures were stored at Ϫ80°C after addition of (30% [vol/vol]) glycerol to stationary-phase shake flask cultures.
Molecular biology techniques. PCR amplification of DNA fragments with Phusion Hot Start II high-fidelity polymerase (Thermo Scientific) and desalted or PAGE-purified oligonucleotide primers (Sigma-Aldrich, St. Louis, MO) was performed according to the manufacturers' instructions. DreamTaq polymerase (Thermo Scientific) was used for diagnostic PCR. The oligonucleotide primers used in this study are listed in Table 4 . Amplified DNA fragments were separated by electrophoresis on 1% (wt/vol) agarose gels (Thermo Scientific) in Tris-acetate-EDTA (TAE) buffer (Thermo Scientific) at 90 V for 35 min and purified with a GenElute PCR Clean-Up kit (Sigma-Aldrich). Plasmids were isolated from yeast cultures with a Zymoprep Yeast Plasmid Miniprep II kit (Zymo Research, Irvine, CA) and from E. coli with a Sigma GenElute Plasmid kit (Sigma-Aldrich). Yeast genomic DNA was isolated using a YeaStar Genomic DNA kit (Zymo Research) or with an SDS-lithium acetate (LiAc) protocol (53) . Yeast strains were transformed by the lithium acetate method (54) , and eight of the resulting colonies were restreaked three consecutive times on biotin-supplemented selective medium, followed by analytical PCR to verify their genotype. E. coli DH5␣ was used for chemical transformation (55) or for electroporation. Electroporation was done in a 2-mm cuvette (1652086; Bio-Rad, Hercules, CA) using a Gene Pulser Xcell electroporation system (Bio-Rad). After isolation, plasmids were verified by restriction analysis and analytical PCR.
Plasmid construction. Promoter fragments of highly expressed yeast genes and promoterless BIO genes were PCR amplified from genomic DNA of S. cerevisiae CEN.PK113-7D. The amplified BIO gene sequences included 0.5-kb terminator sequences. The 3= and 5= primers for amplification of promoter and terminator fragments, respectively, contained 60-bp synthetic extensions designed for efficient in vivo assembly of DNA fragments (56) . Promoters and coding regions were fused by fusion PCR (57) and subsequently assembled into pJET1.2/blunt vectors with a CloneJet PCR cloning kit (Thermo Scientific), resulting in the vector constructs pUD416 and pUD418 (Table 5 ). Yeast expression plasmids were assembled in vivo by amplifying promoter-gene cassettes from pUD416 and pUD418 and vector fragments amplified from p426GPD (58) . When necessary, oligonucleotide tags were changed to enable in vivo assembly with vector fragments. This assembly yielded the p426GPD-based plasmids pUDE446, pUDE448, and pUDE450 (Table 5) .
Strain construction. S. cerevisiae strains with increased copy numbers of endogenous BIO genes (IME327, IME329, IME331, and IME334) ( Table 1) were constructed by transforming CEN.PK113-5D (ura3) with multicopy expression plasmids (pUDE446, pUDE448, pUDE450, and p426GPD [URA3]). Geneticin (G418) resistance cassettes, PCR amplified from pUG6 (59), were used to delete TPO1 and PDR12 in CEN.PK113-5D, resulting in strains IMK129 and IMK163, respectively. IMK129 was used to construct a TPO1 and PDR12 double-deletion strain by transformation with a hygromycin resistance cassette (hphNT1) amplified from pMEL12 (32), resulting in IMK773. Deletion strains were subsequently transformed with pUDE450 (BIO1 URA3) or with the empty reference vector p426GPD (URA3), resulting in IMZ694, IMZ695, IMZ701, IMZ702, IMZ704, and IMZ705 (Table 1) .
Shake flask and plate growth experiments. Thawed aliquots of frozen stock cultures (1 ml) were inoculated in SMD shake flask cultures and incubated for 12 h. This starter culture was used to inoculate a second shake flask culture on SMD that, after another 12 h, was used to inoculate a third culture on SMD, at an initial optical density at 660 nm (OD 660 ) of 0.05, 0.1, or 0.2. For biotin-free growth studies, all three cultures were grown on SMD without biotin. The OD 660 of the third culture was monitored with a Libra S11 spectrophotometer (Biochrom, Cambridge, United Kingdom). Specific growth rates were calculated from at least four time points in the exponential growth phase of each culture. Strain CEN.PK113-7D, which consistently failed to grow on biotin-free SMD in the third culture, was used as a negative control in all growth experiments. Cell numbers were estimated from calibration curves of OD 660 versus cell counts in an Accuri flow cytometer (Becton Dickinson B.V., Breda, The Netherlands) generated with exponentially growing shake flask cultures of strain CEN.PK113-7D on SMD medium. For plate assays, precultures were grown on SMD medium. Spot assays on SMD agar (pH 4.5) containing either 50 M or 2 mM MgSO 4 were performed as described previously (60) . SMD agar plates were supplemented with either 0.05, 0.15, 0.5, 1, 1.5, 2, or 3 mM pimelic acid; 6 or 15 mM spermidine; or 0.5 mM potassium sorbate (see Fig. S1 in the supplemental material). Liquid cultures of CEN.PK113-7D containing different concentrations of pimelic acid were prepared similarly to shake flask cultivations but were carried out in 50-ml Cellreactor filter top tubes with 25 ml of SMD-urea (pH 4.5) with an inoculation OD 660 of 0.1. Filter-sterilized pimelic acid solution (1.25 M, pH 4.5) was added to duplicate cultures to a final concentration of 10, 12.5, 25, 50, 70, 80, 90, or 100 mM.
Laboratory evolution. Laboratory evolution of S. cerevisiae CEN.PK113-7D for biotin prototrophy was performed in accelerostats and in sequential bioreactor batch cultures. Accelerostat evolution was preceded by serial transfers in 3 parallel shake flask experiments on biotin-free SMD, with an initial OD 660 of 0.05 after each transfer. After 15 transfers (in 54 days), a specific growth rate of ca. 0.1 h Ϫ1 was reached. Fifteen milliliters of each evolution culture was then used to inoculate separate 450-ml Multifors 2 parallel bioreactors (Infors Benelux, Doetinchem, The Netherlands) with a working volume of 100 ml. These bioreactors were subsequently operated as accelerostats, which are continuous cultures in which the dilution rate is increased over time (27) . During the initial batch phase, cells were grown on SM without biotin, supplemented with 20 g · liter Ϫ1 glucose and 0.3 g · liter Ϫ1 antifoam Pluronic PE 6100 (BASF, Ludwigshafen, Germany). When a decrease in CO 2 production indicated glucose depletion (CO 2 sensor; Bluesens, Herten, Germany), continuous cultivation was initiated at a dilution rate of 0.10 h Ϫ1 on SM without biotin, 7.5 g · liter Ϫ1 glucose, and 0.15 g · liter Ϫ1 antifoam Pluronic PE 6100. Cultures were grown at 30°C, while a culture pH of 5 was maintained by automated addition of 2 M KOH. The cultures were sparged with air at a flow rate of 50 ml · min Ϫ1 and stirred at 1,200 rpm. Dissolved oxygen concentrations remained above 40% of air saturation throughout the experiments. The dilution rate of the accelerostats was controlled by Iris Parallel Bioprocess Control software (Infors Benelux) based on a manually set threshold for the ratio between the CO 2 concentration in the outlet gas and the feed rate of the medium supply pump. If this ratio remained above the set point for at least 4 h, the medium feed rate was increased by 5%. When it remained below the set point for the same period, the feed rate was decreased by 4.5%. This setup ensured a steady increase in the dilution rate as the culture evolved to reach higher specific growth rates while preventing culture washout. During evolution experiments, the threshold ratio of CO 2 output and feed rate was manually adjusted to compensate for changes in growth stoichiometry caused by a reduced relative contribution of maintenance energy metabolism at higher specific growth rates (61) . Accelerostat cultures were terminated when, within 3 months of accelerostat selection, dilution rates of 0.24 to 0.28 h Ϫ1 were reached. Laboratory evolution in sequential batch reactors was preceded by shake flask cultivation of strain CEN.PK113-7D in biotin-free SMD, using a frozen stock culture as the inoculum. After 2 days, 0.1 ml of this culture was transferred to a fresh culture to deplete biotin stores and to generate a preculture from which, after ca. 12 h of incubation, a bioreactor culture was inoculated at an initial OD 660 of 0.05. Sequential batch cultivation was performed in 450-ml Multifors 2 parallel bioreactors (Infors Benelux) with a working volume of 100 ml. Aeration, pH, temperature, and dissolved oxygen concentration thresholds were the same as in the accelerostat cultures. Growth was monitored based on the CO 2 concentration in the off gas. When, after first having reached the CO 2 production peak, the CO 2 percentage in the off gas decreased below 0.02%, a computer-controlled peristaltic pump automatically removed approximately 95% of the culture volume, leaving approximately 5% as an inoculum for the next batch. The experiment was stopped when, after 11 batch cultivation cycles (47 days), no further increase in the growth rate was observed over the following six consecutive batches and, moreover, cells with a multicellular clumping phenotype were observed in the culture. Clumping phenotypes, which facilitate sedimentation during empty-refill cycles and thereby enable mutants to escape selection for faster growth in sequential batch reactors (29), were not observed in the accelerostat cultures. Singlecolony isolates from accelerostats and sequential batch reactors were obtained by plating on biotin-free SMD. To facilitate analysis of single cell lines and subsequent genetic analysis, nonclumping single cell lines were selected from the sequential batch cultures by microscopic inspection of colonies after plating on biotin-free SMD.
qPCR experiments. qPCR experiments were performed with duplicate cultures pregrown on SMD with or without biotin. RNA extraction was performed following the method of Schmitt et al. (62) , while the sampling procedure was done as described previously (63) . cDNA was synthesized using a QuantiTect reverse transcription kit (Qiagen, Düsseldorf, Germany), and concentrations were determined using a Qubit fluorometer (Life Technologies). qPCR experiments with cDNA from duplicate cultures were performed in technical triplicates on three dilutions of each sample, using a QuantiTect SYBR green PCR kit (Qiagen) with a primer concentration of 0.5 M in a total volume of 20 l in the Rotor-Gene Q (Qiagen). The qPCR primers are listed in Table 4 . ACT1 expression levels determined from the same culture were used as an internal standard. Expression levels of BIO genes relative to those of ACT1 were determined using the ΔΔC T method (64) . Briefly, normalized expression levels of the gene of interest (GOI) were calculated by subtracting the average C T value obtained from technical triplicate measurements of the reference gene, ACT1, from the similarly averaged C T values of the GOI (ΔC Tsample ϭ average C TGOIsample Ϫ average C TACT1 ). The normalized expression level of the GOI was represented as 2 ϪΔCT . Data are represented as averages and standard errors of the mean (SEM) of expression levels calculated from independent duplicate cultures ( Fig. 3 ; see Table S2 in the supplemental material).
CHEF electrophoresis and Southern blotting. Agarose plugs for all the strains were prepared using a contour-clamped homogeneous electric field (CHEF) genomic plug kit following the manufacturer's recommendations (Bio-Rad). One-third of each agarose plug was used per well of a 1% megabase agarose gel (Bio-Rad) buffered with 0.5ϫ TBE (5.4 g Tris base, 2.75 g boric acid, 2 ml 0.5 M EDTA, pH 8, in 1 liter demineralized water). Chromosomes were separated in a CHEF-DR II system (Bio-Rad) for 28 h with a switch time of 60 s, an angle of 120°, and 5 V · cm Ϫ2 , followed by 16 h with a switch time of 90 s. DNA was stained with ethidium bromide (3 g · ml Ϫ1 in 0.5ϫ TBE buffer) and destained in 0.5ϫ TBE buffer for 20 min with gentle agitation. Imaging was done using an InGenius LHR Gel Imaging System (Syngene, Bangalore, India). Southern blot probes (ca. 1 kb) were amplified from genomic DNA of CEN.PK113-7D and prepared with an AlkPhos direct-labeling and detection system (Amersham Biosciences, Piscataway, NJ) according to the manufacturer's protocol. Separated chromosomes were transferred to Hybond-N ϩ nylon membranes (GE Healthcare, Diegem, Belgium) using vacuum transfer with a vacuum blotter (Bio-Rad) and fixed to the nylon membrane by UV exposure for 2 min. Signal generation and detection were performed using an Amersham Gene Images AlkPhos direct-labeling and detection system, together with CDP-Star chemiluminescent detection (Amersham Biosciences) and exposure to an Amersham Hyperfilm ECL (Amersham Biosciences), following the manufacturer's recommendations. DNA sequencing. Genomic DNA of strains IMS0478, IMS0480, IMS0481, and IMS0496 was isolated with a Qiagen Blood and Cell Culture DNA kit with 100/G genomic tips (Qiagen, Valencia, California) according to the manufacturer's protocol. Paired-end sequencing (126-bp reads) was performed on 350-bp insert libraries with an Illumina HiSeq 2500 sequencer (Baseclear BV, Leiden, The Netherlands) with a minimum sample size of 550 Mb, accounting for a coverage of approximately 45 times. Data mapping to the CEN.PK113-7D genome (22) , data processing, and chromosome copy number variation determinations were done as described previously (65) . Copy numbers of BIO1, BIO2, BIO3, BIO4, and BIO6 were estimated by comparing their read depths to the average read depths of the single-copy reference genes [YAL001C (TFC3), YBL015W (ACH1), YCL040W (GLK1), YDL029W (ARP2), YEL012W (UBC8), YER049W (TPA1), YBR196C (PGI1), YER178W (PDA1), YFL039C (ACT1), and YJL121C (RPE1)], processed with Pilon (66) . Accession number(s). The sequencing data are available under the Bioproject accession number PRJNA383023.
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